NusG is a conserved regulatory protein that interacts with elongation complexes (ECs) of RNA polymerase, DNA, and RNA to modulate transcription in multiple and sometimes opposite ways. In Escherichia coli, NusG suppresses pausing and increases elongation rate, enhances termination by E. coli ρ and phage HK022 Nun protein, and promotes antitermination by λN and in ribosomal RNA operons. We report NMR studies that suggest that E. coli NusG consists of two largely independent Nand C-terminal structural domains, NTD and CTD, respectively. Based on tests of the functions of the NTD and CTD and variants of NusG in vivo and in vitro, we find that NTD alone is sufficient to suppress pausing and enhance transcript elongation in vitro. However, neither domain alone can enhance ρ-dependent termination or support antitermination, indicating that interactions of both domains with ECs are required for these processes. We propose that the two domains of NusG mediate distinct interactions with ECs: the NTD interacts with RNA polymerase and the CTD interacts with ρ and other regulators, providing NusG with different combinations of interactions to effect different regulatory outcomes.
Introduction
NusG is an exceptionally conserved regulator of gene expression that exerts complex and sometimes opposite effects on transcript elongation by RNA polymerase (RNAP). However, little is known about how NusG interacts with elongation complexes (ECs) to generate these effects on transcription. Alone, Escherichia coli NusG (EcNusG) increases the elongation rate of E. coli RNAP both in vivo and in vitro, [1] [2] [3] primarily by suppressing transcriptional pauses that involve backtracking by RNAP. 3, 4 However, in Bacillus subtilis, NusG actually enhances rather than suppresses transcriptional pausing. 5 The role of NusG in termination is also complex. EcNusG enhances ρ-dependent transcription termination, whereas, in combination with NusA, NusB, NusE, and either λN or other cellular factors, NusG can modify RNAP to create specialized "antitermination" complexes that resist pausing and termination. These complexes are required for bacteriophage λ growth or for efficient transcription of ribosomal RNA operons. 6, 7 This ability of NusG to inhibit rather than stimulate termination cannot be explained as a difference between NusG acting alone on RNAP versus acting as part of a multiprotein assemblage. Indeed, not all NusG-containing multi-factor complexes are resistant to termination. During λ infection of an E. coli HK022 lysogen, NusG, complexed with the other Nus factors and the phage HK022 Nun protein, promotes transcription termination. 8 NusG is essential in wild-type E. coli K12 because it enhances ρ-dependent termination upstream of the rac prophage gene kil; nusG can be deleted if kil also is deleted or inactivated. 9, 10 The essentiality of NusG is species-specific: NusG is dispensable in Staphylococcus aureus, and both NusG and ρ are dispensable in B. subtilis. [11] [12] [13] This extensive and complex involvement of NusG in transcriptional processes with different transcriptional outcomes and the apparent species-specific differences in NusG activity have stymied understanding of how NusG regulates ECs. Additionally, the regions of NusG that participate in interactions with RNAP or transcription factors have not yet been determined.
X-ray or NMR structures were recently obtained for NusG from Thermus thermophilus (TtNusG) and Aquifex aeolicus (AaNusG), [14] [15] [16] [17] for the NusG paralog RfaH, 18 and for the NGN (NusG N-terminal) domain of Saccharomyces cerevisiae Spt5. 19 All NusGs are composed of conserved N-terminal domain and Cterminal domain (NTD and CTD, respectively) connected by a flexible linker that contains an NGN motif and a KOW motif, respectively, with potential to interact with either protein or nucleic acid. 20, 21 The NTD of TtNusG contains a flexible loop that is replaced by a third protein domain in AaNusG and is absent in Spt5. Based on analogy to EcRfaH 18 and on bacterial two-hybrid interaction assays, 22 the NusG NTD is proposed to bind RNAP via interaction with the loop between two antiparallel helices in the β′ clamp domain (the β′ clamp helices; β′CH). A hydrophobic pocket on the NusG NTD is the proposed site of β′CH interaction. 18 However, neither this proposal nor any other function of NusG's NTD has been tested experimentally.
The CTD of NusG forms a Tudor domain in TtNusG and AaNusG, within which is embedded the KOW sequence motif. Based on similarities to other KOW or Tudor-domain-containing proteins, the NusG CTD is proposed to interact with either protein or nucleic acid. 15 Despite the large number of potential interaction partners to mediate the plethora of NusG activities, no interaction partners with the CTD have been identified. Interestingly, the crystal lattice of one AaNusG structure generates a domain-swapped dimer formed by two NusG molecules. 16 Based on this structure and strong evidence that NusG is a monomer, 4, 16 Knowlton et al. proposed that the NusG CTD binds to the NTD to create a spring-loaded state that is released upon interaction with RNAP. 16 Although such a two-state model appears to operate for EcRfaH (which has a structurally non-homologous CTD), NMR analysis of the TtNTD with and without CTD revealed no changes in NTD NMR signal and, thus, does not lend support to the existence of the intense CTD-NTD interaction predicted by the springloaded model. 17 Better understanding of the structure and function of EcNusG is important to understand how transcription is regulated in other organisms as well. NusG is highly conserved, and genes encoding NusG or close homologs exist in all eubacterial genomes sequenced to date, although the majority of what is known about NusG function results from biochemical studies of EcNusG. The S. cerevisiae NusG homolog, Spt5, is essential for growth, and complexes of Spt5 and Spt4 stimulate elongation by both RNAPI and RNAPII. 23, 24 In metazoans, Spt5 complexes with Spt4 to form the dimeric DRB sensitivity-inducing factor (DSIF). 25 Similar to bacterial NusG, DSIF also has complex effects on transcription: it mediates negative elongation factor (NELF)-dependent blocks to transcript elongation in promoter-proximal regions but can also mediate pause suppression once NELF is removed by PTEFb phosphorylation of DSIF, NELF, and the RNAPII C-terminal repeat domain. 26 Since the two domains of NusG may have distinct interaction partners (e.g., NTD with RNAP, CTD with ρ, Nus factors, or RNA), we hypothesized that expression of the NusG NTD or CTD separately or of full-length (FL) NusG containing substitutions that eliminated interactions of one domain without affecting the interactions of the other could inhibit wild-type function. In addition, we tested the phenotype of the various mutants in strains lacking NusG. To allow accurate structure-function analysis of these and other substitutions, we also determined NMR structures for the NTD and CTD of EcNusG. 
Results
The solution structure of EcNusG The 1 H, 15 N heteronuclear single quantum coherence (HSQC) spectrum of FL EcNusG showed the high dispersion of resonances expected for a wellfolded protein. The large differences in signal intensities combined with the detection of increasing transversal relaxation rates as determined by spin-echo experiments in NusG above 400 μM concentration indicate a tendency of the protein to aggregate at higher concentrations. Whereas signals from the CTD (R123-A181) could be completely assigned using standard triple-resonance NMR experiments, the NTD could not be assigned due to very low and often missing signal intensities. This is because the two domains exhibit different relaxational behavior, a consequence of different rotational tumbling of the two domains. This observation suggests that (1) EcNusG consists of at least two domains that are connected via a flexible linker and (2) the NTD tends to aggregate at very high concentration.
Expression and purification of the NTD (M1-R123) yielded a protein that showed a well-dispersed 1 H, 15 N HSQC spectrum that again showed aggregation tendency at concentrations above 400 μM. In contrast to the FL, the NTD exhibited reduced transverse relaxation to an extent sufficient to allow assignment of all backbone resonances and more than 90% of the side-chain resonances (Table 1) . Chemical shifts close to random-coil values and lack of medium-and long-range nuclear Overhauser enhancements for residues M1-K6, E47-G67, and V118-R123 indicate structural disorder for these regions (Fig. 1) .
A total of 624 restraints for the structure calculation of the CTD could be derived from the NMR experiments with FL NusG (Table 1 ). The ensemble resulting from the final structure calculation shows only distance restraint violations less than 0.16 Å and only dihedral restraint violations less than 0.5°. Coordinate precision was 0.42 Å backbone rmsd, and all stereochemical properties were valid (Table  1 ; Methods). A total of 868 restraints were obtained for the NTD from the NMR data. The final structure calculation yielded only distance restraint violations less than 0.1 Å and only dihedral restraint violations less than 0.44°. Coordinate precision was 0.62 Å backbone rmsd, and all stereochemical properties were valid.
Structure description
The secondary structure of the EcNusG NTD consists of three α-helices (α1: E19-H33, α2: D77-S85, α3: D105-Q116) and four β-strands (β1: R8-A14, β2: E41-M43, β3: Y68-Q72, β4: V90-I93) (Figs. 1 and 2). The β-strands form an antiparallel β-sheet with strand order β2-β3-β1-β4, and helices α1 and α2 are arranged nearly antiparallel, packing against one side of the β-sheet, while α3 packs on the opposite side of the β-sheet. Numerous hydrophobic interactions are found between the helices and the β-sheet. The sequence region P45-F65 shows chemical shifts typical for unstructured residues and no medium-or long-range nuclear Overhauser enhancement cross signals for these residues were observed, suggesting that this sequence region forms a highly flexible loop. Comparison of the solution structure of EcNusG NTD with the corresponding domain of AaNusG shows backbone coordinate rmsds of about 1.8 Å. This demonstrates that the solution conformation of this domain is very similar to that seen in crystal structures of AaNusG and in the solution structure of the TtNusG, as expected from the high sequence similarity. Also, the large flexible loop between strands β2 and β3 of TtNusG is also found in EcNusG.
The secondary structure of the EcNusG CTD consists of five β-strands (β1: E132-V136, β2: F144-D152, β3: R157-I164, β4: R167-L173, β5: V178-K180) that form an antiparallel barrel-type β-sheet with strand order β5-β1-β2-β3-β4 ( Figs. 1  and 2 ). Comparison of the solution structure of the EcNusG CTD with the corresponding domain of AaNusG [Protein Data Bank (PDB) code: 1m1h] and TtNusG (PDB code: 1nz9) resulted in backbone rmsds in the range 1.6-2.1 Å. This is within the limit found for different molecules in the asymmetric units of the crystal structures, confirming a high degree of structural similarity.
Overexpression of NusG NTD inhibits cell growth
The multiple roles of NusG in transcription regulation and the two-domain structure suggest that each domain could have a distinct function. To test this, we separately investigated the properties of the individual domains, both in vivo and in vitro. If the individual domains make distinct interactions with components of the EC or other regulators to influence elongation, overexpression of the individual domains in a wild-type strain may be dominant-lethal if that domain outcompetes the wildtype protein for binding to an interaction partner.
To determine the toxicity of the individual domains, we used plasmids encoding FL NusG or individual domains of NusG under control of the trc promoter, which is induced by IPTG (FL NusG, pRM431; NTD, pRM442; CTD, pRM443; Table 2 ). We then measured the number of colonies able to grow on plates with increasing amounts of IPTG (Fig. 3a) . Overexpression of either FL NusG or CTD did not reduce colony numbers and, thus, was not The NTD (pink) consists entirely of the NGN motif, identified only in NusG and its homologs. The CTD (yellow and orange) contains the KOW sequence motif (orange), which has been found in NusG and homologs as well as in ribosomal proteins L24, L26, and L27. Mutations characterized in this article and in previous work (Table 3 ) are mapped onto the structure and color-coded as follows: green residues fail to complement ΔnusG in vivo but function in vitro; magenta residues are defective for both elongation and termination; blue residues work only at high concentration; the red residue is defective for termination but not elongation; white (outlined) residues exhibited overexpression toxicity but allowed complementation of ΔnusG in vivo and functioned in in vitro assays; and gray residues were previously characterized. 8, 16, 27 The gray broken line indicates the linker between the two domains and is not intended to suggest its actual position. toxic to the bacteria. However, NTD overexpression resulted in a clear defect in cell growth; colony numbers decreased as IPTG concentrations were raised. The number of colonies at 0.5 mM IPTG compared to the number without IPTG was b 1 × 10 − 6 (plating efficiency). This is consistent with the idea that the NTD maintains partial function, that is, binds to RNAP, but is defective in Fig. 2 (legend on previous page) another essential NusG activity. One possible explanation for the toxicity of the NTD is that it outcompetes FL NusG in binding ECs but blocks ρ-dependent termination because it cannot interact with ρ.
NusG is essential in wild-type E. coli K12 because it enhances ρ-dependent termination upstream of the rac prophage, preventing transcription of the downstream kil gene. 10 We reasoned that if NTD toxicity was due to competition for FL NusG and interference with termination, particularly of this toxic gene, toxicity should be decreased in a strain in which the rac prophage was deleted (Δrac strain, Table 2 , RSW472). We performed the plating assay in this strain background and saw a significant decrease in toxicity of NTD expression, though it was still toxic to cells at higher levels (at 0.5 mM IPTG, the plating efficiency was 3 × 10 − 2 ). We next assayed NTD expression toxicity in a reduced genome E. coli strain that is deleted for the rac prophage as well as many other mobile DNA elements and cryptic virulence genes ( Fig. 3c ; Table  2 , MDS42). We found that toxicity was dramatically relieved in this strain, even at the highest concentration of IPTG (plating efficiency of 9.1 × 10 − 1 ). The difference in toxicity between the Δrac and MDS42 strains suggests that there is another gene similar to kil that is contained within the regions deleted in MDS42 and whose transcription is normally blocked by NusG-promoted ρ-dependent termination.
NTD can compete with FL NusG for ρ termination in vivo
To test the idea that NusG NTD can interfere with ρ-dependent termination, we asked how NTD overexpression affected termination at two known ρ-dependent λ terminators, λt imm and λt R1 . We did this in a strain containing chromosomally encoded, wild-type NusG that acts to promote termination. By expressing the NTD from a plasmid in this strain, we could ask if in vivo NusG-aided termination was suppressed by NTD expression. Read-through of t imm was monitored in a λP Rm -t imm -lacZ fusion using a luciferase-linked β-galactosidase assay (Terminator 1 in Fig. 4a ; Table 3 , N8499). Strains carrying the vector plasmid, FL, or CTD gave similar amounts of terminator read-through (∼ 27, 29, and 32 million luciferase units, respectively), about 2-fold higher than the level seen without any plasmid (∼ 14 million units, Fig. 4a ). Thus, neither CTD nor FL NusG affected termination at t imm . In contrast, NTD overproduction yielded ∼ 93 million luciferase units, 3 times more than the vector alone, representing 41% read-through ( Fig. 4a ; Methods). We conclude that NTD overexpression partially suppresses termination at t imm because NTD competes with FL NusG in EC binding but is defective for ρ interaction.
Termination at λt R1 , which is known to be stimulated by NusG, 36 was determined by assaying expression of lacZ downstream of a λpR-cro-λt R1 terminator cassette (Terminator 2 in Fig. 4a ). Although λt R1 in isolation is ∼90% efficient, translation of cro in the cassette enhances read-through to ∼60% (N9441 in Table 2 ; Fig. 4a ). Importantly, this was done in the presence of a wild-type, chromosomally encoded nusG and rho; thus, the levels of lacZ expression are determined by chromosomal NusGenhanced ρ-dependent termination. Strains carrying no plasmid, empty plasmid, plasmid expressing FL NusG, or plasmid expressing CTD yielded equivalent levels of β-galactosidase activity (Fig. 4a) ; hence, having additional FL NusG or CTD does not interfere with the NusG-enhanced termination that occurs on this cassette. In contrast, the strain that overexpressed NTD (N10462) displayed nearly twice the amount of β-galactosidase activity, which represents complete read-through of the λt R1 terminator. Thus, NTD inhibits termination both at t R1 and t imm and, presumably, generally suppresses ρ termination in vivo. This is consistent with a model in which the NTD competes with FL NusG for binding to RNAP and suggests that physical linkage of the CTD to the NTD is required for NusG to enhance ρ-EC interaction and termination.
Individual NusG domains have no direct effect on ρ termination in vitro
To exclude a direct effect of the NTD on ρ termination, we assayed the ability of the purified individual domains to modulate ρ termination in vitro on a λt R1 -containing template (Fig. 4b) . In the absence of NusG, ρ terminated ∼ 50% of the transcripts before the end of the template (Fig. 4b) . Addition of FL NusG to the reaction mixture significantly enhanced termination efficiency. Comparison of the two transcription reactions reveals that NusG both decreased the amount of readthrough product and shifted termination to more promoter-proximal sites. Enhancement of early termination has been reported previously for NusG action at t R1 . 4, 36, 37 In contrast to the strong enhancement of termination by FL NusG, neither NTD nor CTD modulated ρ activity (Fig. 4b) . We next asked if the two domains could stimulate ρ activity without being tethered. Simultaneous addition of purified NTD and CTD had no effect on ρ termination, suggesting that the two domains must be tethered to stimulate ρ activity (data not shown). That NTD did not reduce termination efficiency indicates that this domain does not directly inhibit ρ. Instead, our in vitro data are consistent with the model we proposed to explain the effects of the NTD in vivo: NTD not tethered to CTD inhibits ρ termination by competing with FL NusG for interaction with EC.
NTD competes with FL NusG for EC interaction at a ρ-dependent terminator
To test further the model that NTD competes for EC interaction and to confirm our in vivo findings, we next tested for direct competition between NTD and FL NusG in vitro (Fig. 4c) . NTD added in equimolar amounts to FL NusG (10 nM each) only slightly inhibited NusG activation of ρ. NTD inhibition increased in a concentration-dependent manner. Interestingly, even at the highest concentration of protein tested, 150 nM, NTD was unable to inhibit NusG stimulation of termination completely. This result can be explained if NTD binding to the EC is slightly (less than 10 times) weaker than FL NusG binding. Possibly, interaction of NusG with the EC involves additional contacts that increase the affinity of FL NusG relative to NTD or if ρ stabilizes FL NusG but not NTD binding through EC contacts.
NusG NTD but not CTD enhances elongation rate and suppresses pausing
The finding that NTD can compete with FL NusG for EC interaction raises the possibility that it could affect transcript elongation. To test this, we investigated the individual domains or FL NusG using a transcription template on which the strong T7 A1 promoter initiates a 668-nt transcript (Fig. 5a) . By measuring the rate of appearance of the 668-nt RNA, we determined the elongation rate and found that both FL NusG and NTD enhanced this rate by ∼ 20%. In contrast, CTD had no significant effect on elongation rate. We conclude that NTD contains the elongation enhancement activity of NusG and can, by itself, bind ECs and stimulate elongation.
We next asked if NTD, similar to NusG, could suppress the pause at ops, a well-characterized pause site that induces RNAP backtracking (Fig. 5b) . 3 NusG suppression is evident in synchronized transcription experiments by the faster appearance of RNA at the downstream terminator (T) and readthrough (RT) positions and by the accelerated disappearance of RNA at the pause position (labeled ops pause in Fig. 5b ). Similar to its effect on the overall elongation rate (Fig. 5a ), NTD suppressed pausing as efficiently as FL NusG, whereas CTD had no effect. Thus, the interaction of RNAP with NTD is necessary and sufficient for elongation rate enhancement and pause suppression.
Neither NTD nor CTD can substitute for FL NusG in a wild-type background NusG is required in wild-type E. coli K12 cells because it promotes ρ-dependent termination upstream of the toxic rac prophage kil gene. 10 Since neither NTD nor CTD was able to stimulate ρ-dependent termination, we predicted that neither NTD nor CTD could replace FL NusG in rac + cells. To test this prediction, we asked if a plasmid expressing the individual domains of NusG could compensate for a chromosomal disruption of nusG by a kan R insertion. Accordingly, we grew P1 phage on a strain carrying this disruption and a suppressing NusG + plasmid. 9, 38 The P1 lysate was used to transduce strains containing plasmids expressing FL NusG, NTD (at nontoxic levels), or CTD to kanamycin resistance. As expected, cells expressing FL NusG readily accepted the nusG∷kan R allele, whereas cells expressing either NTD or CTD alone could not be transduced to kanamycin resistance (Table 3) . We conclude that the individual domains cannot replace FL NusG in wild-type cells.
Screen for dominant-lethal nusG variants
To define more precisely NusG interactions with EC, we looked for single-amino-acid NusG substitutions that were dominant-lethal when overexpressed, similar to NTD toxicity. Based on the effects of the individual domains, we expected to identify variant proteins defective for some but not all NusG functions. We predicted that we could find NTD mutants that still allowed CTD interactions and CTD mutants that would still allow NTD interactions. A variant NusG protein that maintained one interaction could compete with wildtype NusG for this interaction but be nonfunctional because of the lack of the ability to make the other interactions. We created a bank of ptrc99-based plasmids carrying nusG amplified by PCR using conditions designed to promote misincorporation 39 (Methods). We then transformed this bank of plasmids into a nusG + strain and screened transformants for toxicity when plasmid-encoded NusG expression was induced with IPTG. Plasmids that expressed toxic NusG variants (dominant-lethals) were isolated and sequenced. Because the PCR conditions were designed to introduce errors, many of the isolated plasmids had multiple substitutions. These were discarded, and we focused on characterizing 25 single, unique substitutions (Table 3) . These substitutions were distributed throughout the sequence of the protein, in both domains, and did not cluster in any obvious pattern (Fig. 2d) .
A subset of the dominant-lethal mutants was unable to support growth
We next asked if these dominant-lethal NusG mutants could serve as the sole source of NusG. Although these variants are toxic at high levels, we considered the possibility that some of these variants might be defective at high level due to increased interactions (gain of function) and might be able to provide some NusG function if expressed at lower levels. Accordingly, we expressed the mutant protein at low levels in wild-type cells and transduced the cells with P1 grown on the nusG∷kan R strain (Table 2) . Although several mutants failed to replace NusG + , other substitutions, surprisingly, were able to complement the nusG disruption (Table 3 , complementation of ΔnusG). 
Characterization of the NusG variants in vitro
A subset of these NusG mutants was selected for further characterization. These included variants with substitutions in the NTD or CTD domains and mutants that could or could not replace chromosomal nusG. Substitutions K7E, W9R, W9S, F39L, F65L, Y68H, V69A, L70R, F141S, F141Y, K155I, L158P, F165L, and F175L were thus selected for further biochemical characterization. The variants of interest were expressed at low levels and purified from the soluble fraction of cells to avoid potential complications introduced by protein refolding (Methods). Fig. 4 (legend on previous page) We first asked if the variants enhanced the elongation rate (elongation rate enhancement; Table 3 ). Many NusG variants were able to stimulate elongation as well as wild-type NusG, whereas other mutants did not significantly enhance elongation rates. To determine if these latter mutants were defective because of decreased affinity to EC, we repeated the assay at higher concentrations of F39L, F65L, Y68H, V69A, and L70R. Elongation stimulation by two of the mutants, F65L and Y68H, was restored at high protein levels (Table 3 ; Fig. 6 ; Supplemental Fig. 3a) . This suggests that these two mutants are defective in binding EC. Although it is possible that only a fraction of the mutant NusG is properly folded, we were able to purify all mutant NusG proteins from the soluble fraction. F39L, V69A, and L70R are located within the hydrophobic core of the NTD and are likely to interfere with proper domain folding. These mutants did not enhance elongation even at high concentrations. Interestingly, the mutants defective in binding (F65L and Y68H, colored blue in Fig. 2a and b) cluster on one side of the NTD and together with residues F92, I93, A101, I103, P102, A110, and I111 form a hydrophobic, concave surface that is likely the site of interaction of NTD with RNAP (Fig. 2c) .
We next determined if the purified NusG variant proteins stimulated ρ termination. Again, some of the mutants enhanced ρ-dependent termination as efficiently as wild-type NusG, whereas other −, no effect of NusG. cs, cold-sensitive. a Was able to provide NusG function only when provided at high concentration (see Fig. 6a ).
mutants were defective (Table 3 ). In general, the effects of the substitutions in elongation enhancement and ρ-termination assays correlated positively. NusG variants that were unable to enhance elongation rate, even at high concentration, were also unable to enhance termination, for example, F39L, V69A, and L70R, whereas all of the mutants, except for L158P, that enhanced elongation were also able to stimulate termination ( Fig. 6 ; Table 3 ). L158P was able to suppress pausing but was completely defective for stimulation of termination ( Fig. 6b  and c; Supplemental Fig. 3b ). In the NusG structure, (Left) Transcription assays were initiated by forming halted complexes as described above. All four NTPs were then added to resume transcription from the halted complexes through the ops pause sequence; samples were removed at 5″, 15″, 30″, 45″, 1′, and 2′. The effect of NusG is seen by the faster decrease in RNAs paused at the ops pause (labeled ops pause) as ECs escape the pause and the faster accumulation of the longer RNA products (labeled T for products terminating at the downstream terminator or RT for the read-through products). (Right) Quantification of pause half-life determined from reactions performed in the absence of added factor, FL NusG, NTD, or CTD. Pause half-life is the amount of time it takes half of the complexes to escape the pause. Values plotted are the results from at least three independent experiments; error bars indicate the standard deviation of these averaged values. Pause efficiencies did not vary significantly with experimental conditions (80-90%).
L158 forms part of the hydrophobic core of CTD and the L158P substitution is likely to disrupt the folding of this domain (Fig. 2) . Similar to the NTD alone, the L158P mutant suppresses pausing and enhances elongation but is defective for ρ-dependent termination, even at high concentration, suggesting that the L158P substitution significantly disrupts CTD structure and function (Supplemental Fig. 3b ). The results with the L158P mutation further support a model in which NTD interaction with EC is sufficient for elongation rate enhancement, but interaction of CTD with ρ (and possibly additional components of the EC) is required for NusG to stimulate ρ-dependent termination.
Some NusG mutants did not allow function in multi-protein complexes in vivo
We also assayed the variant NusG proteins in vivo in processes requiring NusG's participation in multiprotein complexes. NusG in combination with NusA, NusB, and NusE is required for two phage transcription reactions: antitermination with λN protein and termination with HK022 phage Nun protein. 6, 8, 9, 40 Accordingly, we introduced plasmids expressing the variant NusG proteins into the Δrac ΔnusG strain. This allowed us to test their function in the absence of wild-type NusG. For reasons that are not yet understood, this strain can only maintain ColE1 plasmids that express NusG with some activity; the vector plasmid cannot be maintained. Three of the variants, F39S, L70R, and G166D, could not be introduced into Δrac ΔnusG; presumably, they lack this essential function ( Table 3 , viability in Δrac ΔnusG).
Productive infection of E. coli by λ is dependent on NusG function. 6 Terminators preceding essential λ genes are suppressed when NusG, along with the other Nus factors and λN protein, assemble into an antitermination complex that modifies RNAP. Modified RNAP transcribes through the terminators and into the downstream genes. Thus, the Δrac ΔnusG strain fails to support λ growth in the absence of a plasmid-expressed NusG that can assemble into a functional antitermination complex. Strikingly, all variants that we introduced into the Δrac ΔnusG strain could propagate λ, suggesting that the NusG proteins formed functional antitermination complexes. Thus, to date, no NusG point mutants that are defective in λN antitermination have been isolated; this may be because a direct selection for such mutants has not yet been performed.
We also investigated a second phage process that similarly requires NusG as a component of a large Fig. 5a ). Light blue, 50 nM NusG; dark blue, 500 nM NusG. (b) The L158P mutation was tested at higher concentrations for enhancement of ρ termination (experiment as shown in Fig. 4b ). Light blue, 50 nM NusG; dark blue, 500 nM NusG. (c) The L158P mutation is able to enhance elongation at a rate comparable to that of wildtype NusG.
protein assemblage: HK022 Nun termination. HK022 Nun terminates transcription on the λ chromosome and blocks phage growth. To assay HK022 Nun activity, we introduced an HK022 prophage into the Δrac ΔnusG strains containing the NusG plasmids and infected with λ. As expected, λ did not grow on the strain expressing wild-type NusG. Of the variants tested, four failed to exclude λ, W9R, I103S, F165L, and V178A, indicating that they are defective in the NusG function required for Nun termination [ Table 3 ; HK022 exclusion of λ (Nun function)]. Three other NusG substitutions had been previously identified as being defective for Nun function: W80R, F144Y, and N145D. 8 Interestingly, three of the seven known Nun-defective substitutions cluster on one face of the CTD (Fig. 1a; F144 , N145, and F165), suggesting that part of the CTD may be an important interaction surface for Nun. Another is in a different region of the CTD, and the other three substitutions lie in the NTD and do not appear to define a particular surface.
Discussion
NusG binds RNAP, accelerates RNA transcription elongation, suppresses pausing, and stimulates ρ termination. We report that these distinct activities and protein contacts are contained in two noninteracting domains connected by a flexible linker. This picture is supported by NMR structures of the individual domains of EcNusG, the functional properties of these domains assayed in isolation, and the properties of NusG variants both in vivo and in vitro. We arrive at five main conclusions about NusG structure/function: (1) NTD and CTD mediate distinct interactions required for NusG activity; (2) a hydrophobic pocket on the NTD is required for RNAP interaction; (3) EcNusG does not necessarily operate via a spring-loaded mechanism; (4) the requirements for NusG function as a component of multi-protein complexes required for λN antitermination and Nun termination are different; and (5) differences between the NTD of EcNusG and its homologs affect the properties of the proteins.
NTD and CTD mediate distinct interactions required for NusG function
We find that NTD alone stimulates the rate of transcript elongation and suppresses pausing in vitro as efficiently as FL NusG. NTD is toxic to cells and suppresses ρ termination in vivo. Additionally, NTD competes with FL NusG for binding to RNAP and blocks enhancement of ρ termination by FL NusG in vitro. We propose that although bound NTD can suppress pausing and accelerate elongation, it is unable to interact with ρ without covalently attached CTD. We conclude that enhancement of ρ-dependent termination requires both NusG domains and that elongation enhancement and stimulation of termination are separable functions of NusG.
Consistent with the analysis of the individual domains, a CTD mutation (L158P) eliminated NusG stimulation of ρ-dependent termination without abrogating elongation rate enhancement. Thus, at least two interactions are required for full NusG activity: an NTD-EC interaction and a second interaction, mediated by CTD. Since NusG was shown previously to form a stable and specific complex with ρ, we think it likely that the CTD helps recruit ρ to the EC. 4, 41 NusG may also interact with RNA, perhaps mediated by the KOW sequence motif in the CTD. 4, 15, 16 The interactions of NTD with the EC and of CTD with ρ and perhaps RNA would facilitate the interaction of ρ and RNAP and thus stimulate EC dissociation during termination. A requirement for tethering to the EC normally provided by the NTD may explain why we do not see a deleterious effect on growth when the CTD alone is expressed.
A hydrophobic concavity on NTD allows binding to RNAP Examination of the EcNusG structure model reveals a substantial hydrophobic surface on the NTD (Fig. 2b) , and many of the residues involved were altered in our genetic screen for dominantnegative NusG mutants. NusG mutants F65L and Y68H were defective for RNAP binding and could only function in the elongation assay when provided in excess (500 nM NusG for 25 nM transcription complexes; Fig. 6a ). This apparent decrease in the ability of these mutants to bind EC strongly supports direct involvement of the hydrophobic pocket of NusG in the interaction surface of NusG with RNAP. This concavity also is complementary to the convex tip of RNAP's β′ clamp helices (RNAP β′ residues 260-309 in E. coli) shown to interact with NusG in a bacterial two-hybrid assay. 22 It is notable that despite their toxicity and in vitro defects, these amino-acid substitutions are mostly conservative. More disruptive changes in this region, V69A and L70R, yielded completely nonfunctional proteins in vitro, although they were selected as dominantnegative variants. The in vitro activity of the NTD taken together with the mutant analysis suggests that this domain interacts with RNAP via its hydrophobic concavity.
No evidence for NusG operation via a spring-loaded mechanism was found Based on the structure of a NusG dimer, a model for NusG function has been proposed in which an NTD-CTD interaction occurs within a single molecule of NusG. 16 In this model, the interaction keeps NusG in an inactive form; structural rearrangement breaks this interaction and allows NusG to bind RNAP. This model is consistent with what is proposed to regulate the activity of the NusG paralog RfaH (see below). 18 The spring-loaded NusG model predicts that the NTD should bind RNAP more tightly than FL NusG. We found, however, that similar concentrations of NTD or FL NusG have similar effects on elongation rate and pause suppression (Fig. 5) . This implies that the E. coli CTD does not significantly inhibit NTD-EC association. Instead, experiments show that NTD must be added at higher concentrations than FL NusG to block enhancement of ρ termination (Fig.  4c) . Thus, CTD seems to promote NTD-EC interaction rather than to inhibit it. Additionally, the severely reduced NMR signal intensity of the NTD compared to the CTD in FL NusG shows that the two domains exhibit different rotational behavior, suggesting uncorrelated movements of these domains, inconsistent with the proposed springloaded state. This behavior is similar to that reported for the α-subunit of E. coli RNAP, a protein whose NTD and CTD are connected by a flexible linker and are known not to interact. 42 Finally, to make the contacts necessary for the spring-loaded state, residues in the NTD:CTD interface should exhibit changes in chemical shifts or relaxation rates when compared to the isolated domains. Recent NMR analysis performed on TtNusG did not reveal such effects. 17 Taken together, these data argue against the spring-loaded mechanism of NusG function.
NusG participation in different multi-protein complexes has different features
NusG is required for at least three processes that require the formation and function of large multiprotein complexes: phage λ antitermination, phage HK022 Nun termination, and ribosomal RNA antitermination. Here, we investigated two of these processes, λN antitermination and HK022 Nun termination, in which NusG contributes to dramatically different regulatory outcomes. Interestingly, although NusG is required for λ antitermination, 6 none of the NusG point mutants tested in this study or reported previously were defective for this process. This is consistent with the view that NusG functions largely as a scaffolding protein in λN complexes and that a wide range of substitutions in NusG may be tolerated while still permitting assembly with the other λ antitermination complex components. This is in sharp contrast to our results with HK022 Nun termination complexes. We isolated four NusG point mutations that eliminated Nun termination, adding to the group of three previously described NusG substitutions with the same property. This difference in NusG effects on the λN and HK022 Nun complexes is remarkable, given that both share many common protein components (NusA, NusB, NusE, and NusG). One possibility is that this difference reflects direct NusG-Nun interaction in the HK022 Nun complex. If so, the multiple mutants located in the NusG CTD that affect Nun termination suggest that the CTD may be important for this contact, though the nonoverlapping effects of CTD mutants on Nun and ρ termination suggest that ρ and Nun use different interaction surfaces on the CTD. Additionally, there are three NTD mutants that affect Nun function.
This raises the possibility that Nun additionally makes contacts to the NTD as well as the CTD or that some aspect of Nun function may depend on a NusG-RNAP interaction that is mediated by the NTD. It is important to note that expression of the CTD alone was not toxic, unlike NTD expression. Although we know that the CTD is expressed (as evidenced by protein gel) and at least some of that expressed protein is soluble, we cannot exclude the possibility that our in vivo expression conditions did not result in enough functional protein to titrate the CTD's interaction partners. It is also possible that effective binding of the CTD to such factors may require the tethering to the EC that is normally provided by the linkage to the NTD that binds RNAP. An attractive model for the different effects of NusG in different complexes with different regulatory outcomes is that NusG anchors its NTD to RNAP but allows independent and alternative interactions of its CTD (Fig. 7) . Masking of the CTD in complexes such as the λN antitermination complex could explain their resistance to ρ action. Elucidation of the structures of ECs bound by NusG, particularly of termination and antitermination complexes, should refine this picture.
NTD specialization of NusG, RfaH, and Spt5
The structure of the NusG paralog RfaH reveals an NTD that is strikingly similar to that of NusG, including an extensive hydrophobic patch. 18 However, RfaH CTD differs dramatically from that of NusG. Rather than forming a β-strand domain as in NusG, RfaH CTD folds into an α-helical coiled coil. 18 In the RfaH structure, the NTD is bound by the CTD, effectively concealing the hydrophobic, putative RNAP interaction surface. Removal of RfaH CTD enhances NTD binding to ECs, as predicted from a spring-loaded model (see above). 18 Importantly, the hydrophobic patch of RfaH NTD is significantly larger than that of NusG (Supplemental Fig. 1 ), which likely explains why RfaH CTD shields this patch from interaction with RNAP, or from other, nonproductive interactions. Consistent with this model, free RfaH NTD aggregates but binds tightly to ECs once interaction is established. 18 The structural similarity of RfaH and NusG NTDs and the fact that both NTDs contain a hydrophobic patch that likely mediates interaction with RNAP imply that they affect ECs in a similar fashion. Indeed, both NusG NTD and RfaH NTD enhance the rate of transcription elongation (Fig. 5) . 18 However, both the FL proteins and the NTDs of NusG and RfaH are functionally distinct. FL RfaH or RfaH NTD enhances pausing at ops and suppresses the his pause. 18, 34 In contrast, FL NusG or NusG NTD suppresses pausing at ops and has no effect at the his pause 3 (Fig. 5b) . Thus, despite the structural similarities of the two NTDs and the likelihood that they both interact with the β′ clamp helices of RNAP, the interactions of NusG and RfaH with ECs induce different transcriptional outcomes. These differences might reflect the way the two proteins bind RNAP or how they alter the structure of an EC.
A recent finding shows that NusG from different organisms can have distinct effects on transcription. Thus, BsNusG, unlike EcNusG, increases pausing at his. 5 This provides further evidence of the regulatory plasticity of NusG. We do not yet know if BsNusG NTD alone induces pausing or if BsNTD is structurally similar to EcNusG and RfaH NTDs. Finally, the importance of NusG as a transcription regulator is suggested by the retention of a eukaryotic homolog, Spt5. Spt5 binds Spt4 to form the heterodimeric transcription factor DSIF that enhances RNAPII processivity. 23 The recently solved crystal structure of the complex of yeast Spt5 NGN domain with its interaction partner Spt4 shows an NGN domain structurally similar to NusG NTD, as expected from the high sequence similarity. 19, 21 Interestingly, the surface of Spt5 NGN domain corresponding to the proposed RNAP interaction site of NusG and RfaH is hydrophobic and remains accessible in the Spt5-Spt4 complex (Supplemental Fig. 1 ). Further studies are needed to determine if this Spt5 surface similarly mediates interaction with the RNAP or if other Spt5 contacts are required. 43 
Methods

Strains and plasmids
Plasmids and strains used in this study are listed in Table 2 . NusG mutants are listed in Table 3 .
NMR spectroscopy and structure determination NMR samples contained 0.4-0.5 mM protein in 50 mM sodium chloride and 10 mm sodium phosphate, pH 6.4. D 2 O (10%) was added as lock reference. Experiments were recorded at a sample temperature of 298 K. NMR experiments for solution structure determination of EcNusG domains were recorded on Bruker Avance spectrometers operating at 1 H frequencies of 600-900 MHz partially equipped with cryogenically cooled probes. Standard through-bond double-and tripleresonance experiments were performed for resonance assignments. 44 Distance restraints for structure calculation were derived from 15 N-nuclear Overhauser enhancement spectroscopy (NOESY)-HSQC and 13 C-NOESY-HSQC spectra with mixing times of 100-120 ms. NOESY cross peaks were classified according to their relative intensities and converted to distance restraints with upper limits of 3.0 Å (strong), 4.0 Å (medium), 5.0 Å (weak), and 6.0 Å (very weak). For ambiguous distance restraints, the r − 6 summation over all assigned possibilities defined the upper distance limit. Experimental NOESY spectra were validated semiquantitatively against back-calculated spectra to confirm the assignment and to avoid bias of upper distance restraints by spin diffusion.
Hydrogen bonds were included for backbone amide protons in regular secondary structure if the amide proton did not show a water exchange cross peak in the 15 
Isolation of nusG mutants
Mutagenesis was performed using the template plasmid pRM431 encoding His 6 -NusG expressed from the IPTG-inducible trc promoter (Table 2) . Error-prone PCR was done using flanking primers to amplify the nusG coding sequence in 50 independent PCR reactions. NTP concentrations, shown to reduce bias of substitutions and resulting in a more uniform mutagenesis, were used. 39 Independent reactions were pooled, extracted with phenol/chloroform, and spermine-precipitated. 47 Purified DNA was digested with NcoI and HindIII and ligated into similarly cut pRM431, yielding a pool of plasmids variant only in nusG. The mixture of plasmids was transformed into XL1Blue with selection on LBAmp plates (100 μg ampicillin/ml). Individual transformants were patched onto LB-Amp plates, grown at 37°C and then replica-plated onto the same medium and medium containing 1 mM IPTG to induce NusG protein expression. Plates were examined after growth at 37°C to identify potential growth defects. Plasmids were isolated from slow-growing transformants and sequenced.
Proteins
Plasmids encoding nusG were grown in BLR (DE3) ( Table 2) in LB with 100 μg/ml ampicillin at 30 or 37°C to an OD 600 (optical density at 600 nm) of 0.35-0.5, induced for protein expression by addition of IPTG to a final concentration of 100 μM, grown for an additional 2.5-3 h, harvested by centrifugation, and stored at −80°C until purification. NusG protein was then purified from the frozen cell pellets as described previously 4 except that a Ni 2+ affinity chromatography step was done after the lysing and Polymin P precipitation steps, followed by Q ion-exchange chromatography. 4 All NusG proteins used in this study were purified from the soluble cell fraction. For biochemical studies, NTD and CTD of NusG were purified from pRM442 and pRM567, respectively. CTD∷MBP was purified by binding to amylose resin, washing, and eluting the protein as described in the product description for pMALC2X (New England Biolabs). ρ protein was expressed from pCB111 as described in Ref. 32 and purified as described previously. 48 RNAP holoenzyme was purified from MRE600 E. coli cells as described previously. 49 Assay for NusG variant activity P1 transduction was done using a lysate grown on a strain containing a chromosomal disruption of nusG by a kanamycin resistance cassette (MG49, Table 2 ) to determine if NusG variants could serve as the sole source of NusG in cells. RL301 cells containing the NusG plasmid to be tested were grown in LB containing 5 mM CaCl 2 and 100 μg/ml ampicillin, mixed with P1 phage, and then plated on LB plates containing 100 μg/ml ampicillin, 20 μg/ml kanamycin, 1.25 mM sodium pyrophosphate, and IPTG at 10, 25, 50, 100, 250, and 500 μM. This range was chosen as an induction level low enough to avoid toxicity, yet sufficient to provide protein. RL301 (Table 2) containing a plasmid expressing wild-type NusG could be successfully transduced at all concentrations of IPTG tested, from 10 μM to 1 mM.
β-Galactosidase assay (t imm function)
N8499 cultures (Table 2) , bearing the λpRM-cI857-t immN∷lacZ fusion, and bearing no plasmid, vector, or plasmids expressing FL NusG, NTD, or CTD (strains N8499, 10437, 10438, 10439, and 10440), were grown at 32°C with shaking for 3 h at which time plasmidcontaining strains were induced with 1 mM IPTG. All cultures were grown at 32°C for 1 h post-induction to a final OD 600 = 0.3-0.7. β-Galactosidase activity was then measured in a luminometer using the β-glo assay system (Promega, Madison, WI) according to the manufacturer's instructions. Activity was expressed as relative luminescence units divided by OD 600 . The percentage of readthrough (%RT) is determined by comparison of the levels of expression compared to the levels seen when ρ is inhibited by bicyclomycin.
β-Galactosidase assay (t R1 function) N9441 cultures (Table 2) , containing the fusion λcI857-pR-cro-nutR-t R1 -cII∷lacZ and bearing no plasmid or the following plasmids: vector, NusG, NTD, or CTD (strains N9441, 10461, 10462, 10463, and 10464), were grown at 32°C with shaking for 1 h, at which time strains 10461, 10462, 10463, and 10464 were induced with 1 mM IPTG. All five cultures were shifted to 42°C and incubated for 1 h. The shift from 32 to 42°C inactivates the λcI857 repressor and initiates transcription at pR promoter. Samples were assayed for β-galactosidase activity as described previously. 35 The %RT is determined by dividing β-galactosidase activity by the activity when ρ is inhibited by bicyclomycin.
Plating efficiency assay
Single colonies from fresh transformants of MG1655, Δrac, or MDS42 strains (Table 2) were inoculated by toothpick into LB media supplemented with 100 μg/ml ampicillin media and then serially diluted. Three microliters of each dilution was then transferred to LB+ ampicillin plates containing 0 , 0.01 , 0.05 , 0.1 , or 0.5 mM IPTG. This was performed for three to six independent isolates. Plates were incubated for ∼15 h at 37°C. The plating efficiency for each strain/plasmid was determined by the number of colonies on IPTG-containing plates divided by the colony number on a plate without IPTG; these values are presented in Fig. 3 . The vertical bars are the propagated error for each calculated value.
In vitro transcription assays
Templates for all transcription assays were generated by PCR amplification (Table 2 ) and purified by phenol extraction and spermine precipitation. 47 Halted A29 ECs (for the elongation rate assay and the ops pause assay) were formed at 37°C by mixing 40 nM RNAP, 25 nM template, 150 μM ApU, and 2.5-10 μM ATP, GTP, CTP, and either 32 P-CTP or 32 P-GTP in transcription buffer. NusG, when present, was added to ECs at a final concentration of 100 nM unless otherwise indicated and incubated at 37°C for 3 min to allow binding. All four NTPs and 100 μg/ml Rif were then added to allow elongation to resume. The elongation rate assay was performed as described previously with NTPs at 150 μM. 33 The ops pause assay was performed and quantitated as described previously with ATP, CTP, and UTP at 150 μM and GTP at 10 μM.
33,34
The pause half-lives are presented in the figure; pause efficiencies were 80-90%. Termination assays were performed by forming 25 nM halted complexes at A26 at 37°C with 150 μM ApU, 2.5 μM ATP and UTP, 1 μM GTP, and [α-32 P]GTP (3000 Ci/mmol in 40 mM Tris-HCl, 50 mM KCl, 5 mM MgCl 2 , 0.1 mM dithiothreitol, and 3% glycerol, pH 7.9). Five nanomolar ρ and FL NusG (or NTD and CTD) at 10 nM were added followed by 3 min incubation at 37°C. Transcription was restarted by adjustment of GTP, CTP, ATP, and UTP to 40 μM, and rifampicin at 100 μg/ml, incubated at 37°C for 15 min, and stopped by mixing with equal volume STOP buffer (8 M urea, 98 mM Tris-borate at pH 8.3, 10 mM Na 2 ethylenediaminetetraacetic acid, 0.2% bromophenol blue, and 0.2% xylene cyanol), separated by denaturing PAGE (8-10%; 0.5× TBE), and analyzed using a PhosphorImager. To determine if NTD could compete with FL NusG for binding ECs, FL (10 nM) and NTD (10, 50, and 150 nM) were added simultaneously.
Lambda and HK022 phage plating
Plasmids encoding the NusG variants were transformed into the Δrac ΔnusG strain and assayed as the sole source of NusG for the ability of these strains to plate λ. Phage growth requires NusG modulation of antitermination factor N function. The activity of termination factor Nun was tested for the NusG mutants in the Δrac ΔnusG strain by making an HK022 lysogen and spotting λ. Functional Nun terminates transcription on the λ chromosome and thus blocks λ growth (Nun+). 
